Since their identification in the late 1960s, noroviruses (NoVs) have emerged as the single most significant cause of epidemic outbreaks of nonbacterial gastroenteritis worldwide [1] , probably due to improvements in recognition rather than increased occurrence [2] . Noroviruses are responsible for a high burden of incapacitating illness affecting all ages, but with highest morbidity and potentially fatal consequences in the elderly, the very young, and those with chronic underlying medical conditions [3, 4] . To date, 7 genogroups and >40 genotypes based on the capsid have been identified, GI and GII genogroups being responsible for most disease [4] . Norwalk virus was the first identified norovirus, the GI.1 genotype of the GI genogroup [5] . However, since the mid-1990s, the GII.4 genogroup has been the principal cause of human disease [6] and, despite yearly drift of norovirus strains, GII.4 genotypes remain dominant and responsible for most outbreaks worldwide.
High transmissibility and difficulties in prevention of transmission by physical methods make vaccination the most promising measure to prevent NoV infection, especially in high-risk groups. Vaccine development has been hindered by the lack of suitable small animal models and difficulties encountered in propagating the virus in model systems, but virus-like particle (VLP) preparations have shown encouraging results in human challenge studies against both GI.1 [7] and GII.4 [8] genotypes.
Takeda's intramuscular bivalent vaccine candidate is based on adjuvanted norovirus VLP antigens: the Norwalk GI.1 strain VLP that cross-reacts with other GI.1 strains [9] , and a consensus strain (GII.4c) derived from 3 GII.4 strains-2006a (Yerseke), 2006b (Den Haag), and 2002 (Houston)-intended to provide broad coverage against GII strains [10] .
Animal studies and human phase 1 and 2 trials have been conducted on the immunogenicity of candidate vaccine formulations adjuvanted with 50 µg monophosphoryl lipid A (MPL) and 500 µg aluminum hydroxide [10] [11] [12] [13] . The primary goals of this trial were to evaluate the immunogenicity and safety of different candidate NoV vaccine formulations with varying dosages of GI.1 and GII.4c VLPs, aluminum hydroxide [Al(OH) 3 ] and MPL adjuvants, and 1 dose vs 2 doses, in healthy adults aged 18-64 years.
METHODS

Study Design and Subjects
This phase 2, double-blind, controlled trial was performed in 2 centers in Belgium (Center for Vaccinology, Ghent University and the Center for the Evaluation of Vaccination, University of Antwerp) from 28 March 2014 to 19 June 2015. The protocol was approved by the ethics committee of each site and conducted in compliance with the International Council for Harmonisation Good Clinical Practices E6 guideline and applicable regulatory requirements. The trial objective was to select the optimal vaccine candidate formulation from different concentrations of VLP with Al(OH) 3 , with or without MPL, for further development, based on the safety, tolerability, and immunogenicity in adults.
Subjects were 420 healthy male and female volunteers, aged 18-64 years, enrolled in 2 equal age strata-18-49 and 50-64 years inclusive (n = 210 each). All participants provided written informed consent prior to initiation of any trial procedures and were required to be able to comply with all trial procedures and be available for the duration of the trial. Subjects were in good health at the time of study entry as determined by medical history, physical examination (including vital signs), and the clinical judgment of the investigator. Exclusion criteria included any serious chronic medical condition, known sensitivity to any of the vaccine components, or any recent or regular therapy likely to interfere with immune responses. Female volunteers were not breastfeeding, had a negative pregnancy test at screening, and practiced approved contraceptive methods until 6 months after the last vaccination.
NoV candidate formulations contained 15 μg, 50 μg, or 150 μg of each VLP with 0, 15 μg, or 50 μg of MPL and 167 μg or 500 μg Al(OH) 3 per 0.5-mL dose. Participants were randomized to 14 equal groups (Table 1) , respecting the 2 age strata, to receive either 1 dose or 2 doses, 28 days apart, of a respective formulation with hepatitis A vaccine (Havrix, GlaxoSmithKline, Wavre, Belgium) as control in single-dose groups to maintain the blinding (Table 1) . A core factorial design of groups 1-7, 8A, and 9 included formulations with 3 VLP dosages in balanced and unbalanced combinations and the 3 MPL dosages in a 1-dose regimen.
Immunogenicity
Sera were prepared at days 1, 28, 56, 208, and 393 to assess humoral immunity. Enzyme-linked immunosorbent assay (ELISA) pan-immunoglobulin (Ig) and immunoglobulin A (IgA) antibodies were measured as described previously [11] ; in addition, histo-blood group binding antigen (HBGA) blocking titers (BT 50 ), which have been suggested to provide a serologic correlate of protection following NoV vaccination [14] , were measured at each time-point [15] .
Safety and Tolerability
Safety was assessed using subject-completed diary card to solicit local reactions and systemic adverse events (AEs) for 7 days postvaccination. Solicited local reactions-pain, erythema, swelling, and induration-were assessed by severity: pain, according to the degree of interference with daily activity, others as measured diameters with a supplied ruler. Solicited systemic AEs included fever (oral temperature), headache, fatigue, myalgia, arthralgia, vomiting, and diarrhea, which were also classified by severity. Unsolicited AEs were recorded on the diary cards from day 1 to day 28; serious adverse events (SAEs) and AEs of special interest (eg, immune-mediated AEs) were reported throughout the trial.
Statistical Analysis
The primary immunogenicity endpoints were seroresponse rate (SRR) and the percentage of subjects with a ≥4-fold rise in pan-Ig titers against GI.1 and GII.4c at day 56. SRR was also assessed at days 208 and 393. IgA and by HBGA antibody titers for GI.1 and GII.4c were also assessed and summarized and analyzed overall and by age cohort. Primary analysis was performed in the per protocol set, defined as all subjects who were randomized and received both doses of vaccine and had evaluable blood samples at baseline and within the specified day 56 window, with no major protocol violations.
Descriptive summaries were generated for each individual study group. For the core factorial design of groups 1-7, 8A, and 9, summaries and analyses were generated for overall groupings by: MPL dosage aggregated over VLP formulation; VLP antigen formulation (15/15, 15/50, or 50/50) aggregated over MPL dosage; GI.1 VLP dosage (15 μg or 50 μg) aggregated over MPL and GII.4c VLP dosages; and GII.4 VLP dosage (15 μg or 50 μg) aggregated over MPL and GI.1 VLP dosage. For these groupings, formal statistical inference was performed using Fisher exact test for SRR endpoints and analysis of covariance (ANCOVA) models for log-transformed titers, at a .05 level of significance without multiplicity adjustment. The ANCOVA models included the age stratum and MPL or VLP dosage as factors as well as the log-transformed baseline titer as a covariate.
RESULTS
Of 451 volunteers screened and randomized, 420 enrolled and received their first injections on day 1; 412 (98.1%) completed all planned trial visits up to day 393 (Table 1) . Eight subjects did not complete the trial; 5 withdrew themselves, 1 was lost to follow-up, and 2 had AEs considered unrelated to the study procedures that ultimately resulted in the deaths of the 2 participants (see "Safety and Tolerability" below).
Immunogenicity
Unsurprisingly, in view of the small number of dropouts, per protocol analyses were not substantially different from the full analysis set (data not shown). Abbreviations: AE, adverse event; Al(OH) 3 , aluminum hydroxide; MPL, monophosphoryl lipid A; Noro, norovirus virus-like particle formulation; VLP, virus-like particle. All groups displayed marked increases in antibodies against both VLP antigens 4 weeks after a single NoV dose. Baseline GI.1 pan-Ig levels were similar across study groups, as were GII.4c baseline levels, which tended to be higher than those against GI.1; this was not unexpected given that the main circulating strains currently are GII.4 strains [16] . Postvaccination levels increased to similar extents by day 56 after all groups had received at least 1 dose of NoV. Titers waned by days 208 and 393, but remained higher than baseline levels in all groups. GMTs were 3-to 4-fold higher against GI.1 than GII.4c, and this difference was maintained through day 393. In the 2-dose groups (8B, 10B, 11B), the second NoV dose given 4 weeks after the first dose did not increase either the magnitude or the persistence of the response in healthy adults.
Pan-Ig Responses
Pan-Ig responses were similar irrespective of formulation, with group GMTs ranging from 13 686 to 25 809 ELISA units (EL.U)/mL for GI.1, and 3445 to 12 902 EL.U/mL for GII.4c after 1 dose. Levels then waned to similar extents across groups. Data were combined for factorial analysis of study groups with the same formulations with respect to VLP contents ( Figure 1 ). The combined data illustrate that varying GI.1 VLP from 15 μg to 50 μg had little effect on GI.1 GMTs. However, increasing the GII.4c VLP content from 15 μg to 50 μg, although not affecting the GI.1 response, did result in a significant increase in anti-GII.4c pan-Ig, a difference that persisted until day 393. Furthermore, increasing the GI.1 content from 15 μg to 50 μg appeared to counteract this increase in the GII.4c response. A similar factorial analysis for the 0-, 15-, or 50-μg dosages of MPL showed no demonstrable increase in response due to MPL (Figure 1) . Rather, GI.1 responses were lower in the presence of MPL, while GII.4c responses were similar with or without MPL. Nor did inclusion of MPL affect the persistence of pan-Ig antibodies at day 393.
A second vaccination (groups 8B, 10B, and 11B) did not further increase pan-Ig responses, GMTs after the second dose being lower than after the first (Table 2) . Similarly, no differences in responses were seen between groups given formulations containing 167 μg (groups 11A and 11B) rather than 500 μg of Al(OH) 3 (groups 8A and 8B) without MPL, their GMTs being similar to other groups.
Seroresponse rates ranged from 80.0% to 100% for GI.1, and from 33.3% to 83.3% for GII.4c across study groups (Table 3) . Combining groups according to VLP dosage showed no differences in GI.1 SRR between those who received 15 μg (52.2%) or 50 μg (52.9%) of GI.1 VLP. However, the SRR with 50 μg GII.4c VLP (60.7%) was significantly higher than with 15 μg (36.0%, P < .001). Differences in GI.1 SRR between groups combined for 0 μg, 15 μg, or 50 μg of MPL were not significant. A small but statistically significant (P = .049) increase in GII.4c SRR was observed between the 0-μg (50.0%) and 15-μg (65.6%) groups, but 50 μg of MPL did not significantly increase the SRR compared with either the 0-μg or 15-μg groups.
IgA Responses
Similar IgA response profiles were observed against GI.1 and GII.4c 4 weeks after vaccination, but responses were lower in magnitude than those measured as pan-Ig (Supplementary Table 1 ). IgA responses did not increase with the VLP dosage or following a second dose, when they were about half those observed after the first dose, nor were they affected by the presence or absence of MPL. IgA levels showed the same waning of titers after day 56 observed with pan-Ig titers, but levels persisted above baseline at day 393.
HBGA-Blocking Antibodies
As with pan-Ig and IgA, there were no major differences in HBGA-blocking titers between individual groups (Table 4) . HBGA-blocking titers also waned, but remained higher than baseline values in all groups at day 393. When combined for those groups who received the same GI.1/GII.4c VLP formulations or MPL dosages, HBGA-blocking immune profiles reflect the pan-Ig responses (Figure 2 ). HBGA-blocking antibodies against GI.1 were slightly higher when 50 μg of GI.1 was used, an effect that persisted to day 393. However, increasing the dosage of GII.4c from 15 μg to 50 μg had a more marked effect on HBGA-blocking antibodies against GII.4c; an effect was partially blocked by the higher GI.1 dosage. Combining groups for MPL dosage showed both that MPL dosages decreased titers of HBGA-blocking antibodies against GI.1. A small increase in GII.4c responses with 15 μg MPL at day 56 was less with the higher dosage of 50 μg, and any increase did not persist to day 208 when neither the presence nor the dosage of MPL had any influence on the titers.
The potential of MPL to improve cross-reactivity of the responses against nonvaccine antigens was investigated with recently circulating nonvaccine GII.4 strains, namely Cincinnati 2003 [8] and Sydney 2012 (Figure 3 ). Responses measured against these nonconsensus strains were lower than against GII.4c, and neither was increased by MPL in this study population; rather, there was a trend for higher responses against both GII.4 strains without MPL.
Age-Related Differences in Responses
Although groups were smaller when the 2 age cohorts-18-49 and 50-64 years-were considered separately, the individual groups presented the same profile of responses as the total cohort (Supplementary Tables 2-5 ). Pan-Ig responses against GI.1 were similar in magnitude in both age groups, and higher in both age groups when no MPL was present. Anti-GII.4c responses were slightly lower in the older age group: without MPL, 6269 (95% confidence interval [CI], 4331-9073) in 18-to 49-year-olds vs 5132 (95% CI, 3719-7081) in 50-to 64-yearolds; with 15 μg MPL, 8726 (95% CI, 6752-11 276) vs 4534 (95% CI, 3494-5883), respectively; and with 50 μg MPL, 7394 (95% CI, 5749-9510) vs 5090 (95% CI, 3802-6815). The presence of MPL had no statistically significant effect on GII.4c titers in either age group.
Safety and Tolerability
Two subjects were withdrawn from the study due to AEs. Both participants eventually died of further complications of their medical conditions, although neither fatality was considered by the investigators to be associated with the study interventions. Further details are provided in the Supplementary Materials.
A further 21 subjects distributed across the study groups reported 23 SAEs up to day 393, none of which were considered to be related to the study procedures. The good tolerability of the candidate vaccine formulations is illustrated by the low rates of solicited local reactions and systemic AEs, comparable with the licensed and generally well-tolerated control vaccine Havrix (Supplementary Table 6 Table 6 ). The most frequent were headache (16.3%-22.7%), fatigue (11.4%-21.6%), diarrhea (5.7%-11.4%), and myalgia (4.5%-11.4%). The majority were mild or moderate, and resolved within 2-3 days of the injection. Three reports of fever, 2 following Havrix and 1 after NoV, involved transient oral temperatures between 38°C and 39°C. There were 157 unsolicited AEs reported by 105 of 332 (31.6%) subjects vaccinated with Havrix, and 188 unsolicited AEs reported by 119 of 332 (35.8%) after NoV as second injection. Most of these were described as mild to moderate, with 3 (0.9%) and 11 (2.7%) severe AEs being reported after Havrix and NoV, respectively. In the 88 subjects who received 2 doses of NoV, 28 (31.8%) reported a total of 50 unsolicited AEs after the first dose, and 31 (35.2%) reported 42 unsolicited AEs after the second dose. These AEs were also mainly described as mild to moderate, with 2 and 3 reported as severe after the first and second NoV injections, respectively. Most of these unsolicited AEs were considered by the investigators to be unrelated to either Havrix (56%) or NoV (64%) administrations.
DISCUSSION
This study was designed to establish the best NoV formulation with respect to VLP content, VLP ratio, MPL, and Al(OH) 3 adjuvant content as well as dosing in 2 age cohorts. We also investigated the impact of a second dose of vaccine candidate, using a licensed hepatitis A vaccine to maintain the blinding. All tested NoV formulations were well tolerated with reactogenicity profiles similar to the hepatitis A vaccine. No safety signals were detected, irrespective of the presence or dosage of MPL adjuvant or the Al(OH) 3 content. No vaccine-related SAEs or withdrawals due to vaccine-related AEs were reported.
All formulations elicited similar responses against GI.1 and GII.4c antigens measured as pan-Ig, IgA, and HBGA-blocking antibodies across study groups, irrespective of VLP or MPL contents or number of doses. Titers persisted above baseline values up to 1 year after administration. Assessment of individual study groups, or combined on the basis of their MPL content, found no evidence that MPL increased the responserather, the trend was for lower pan-Ig and HBGA-blocking antibody responses to GI.1 in the presence of MPL. Furthermore, addition of MPL did not appear to improve the cross-reactivity assessed as the HBGA-blocking antibody responses to 2 different circulating GII.4 strains, although titers in the HBGA blocking assay are difficult to compare across genotypes. Work is ongoing to quantify vaccine HBGA responses against currently circulating virus strains. A similar analysis of the different respective VLP dosages found that increasing the GI.1 and GII.4c dosages produced incremental increases in both respective responses, but the higher dosage of GI.1 had a refractory effect on the GII.4c response, which is currently the predominant strain causing human illness. This suggests that the best balance of immune responses is achieved with a formulation containing 15 μg GI.1 VLP and 50 μg GII.4c VLP, confirming a previously reported study in 18-to 49-year-old adults using MPL-based formulations [13] .
A specific combination of Al(OH) 3 and MPL forms the adjuvant system 04 (AS04), used in GlaxoSmithKline Biologicals' commercial VLP vaccine against human papillomavirus [17] and in 1 of its hepatitis B vaccines [18] . The NoV candidates all use Al(OH) 3 to stabilize the VLPs and, in the absence of MPL, a reduction in the content did not affect the response. The addition of 15 μg or 50 μg MPL to the Al(OH) 3 -based formulations did not provide any improvements in terms of magnitude or persistence of antibody levels, or cross-reactivity to related but distinct norovirus strains. Indeed, there was a trend to lower responses to GI.1 in the presence of MPL. The lack of any apparent effect of MPL might be assumed to be due to differences in the formulation methodologies used to prepare ASO4 and the NoV formulations. However, the mouse potency assay that is used as a release test for all the NoV lots used in this study confirmed enhancement by MPL (data not shown). Therefore, the lack of effect in the presented nonnaive human study population did not appear to be a formulation issue.
One limitation of our study is that we did not assess any potential impact of MPL on the kinetics of immune responses, which were measured 4 weeks after vaccination. In a similar study population, MPL-containing formulations elicited robust responses after 7-10 days that persisted with slight waning to 28 days [13] . Nor have we attempted to select participants based on their baseline serostatus or to assess the impact of priming, with immunity presumably due to prior episodes of natural exposure to norovirus. Overall results were consistent when the results were looked at in terms of the 2 age cohorts in each group (18-49 years and 50-64 years), although the older cohort did display GII.4c responses that were lower in magnitude than in the younger group. These data show no major benefits of MPL or a second dose.
This study identified the formulation containing 15 μg GI.1 VLP and 50 μg GII.4c VLP with 500 mg Al(OH) 3 , but without MPL, as the most promising candidate to be taken further in development in healthy adults. This VLP composition is in agreement with results of previous studies that only looked at MPL-containing formulations [12, 13] . Antibody titers achieved with these formulations are consistent with those described previously with other candidate formulations. HBGA-blocking antibodies have been suggested to correlate with protection against norovirus illness [14] , and titers ≥500 have been associated with protection against moderate-to-severe vomiting or diarrheal illness due to GII.4 genotype in a human challenge study [15] . While not directly comparable with the other study, due to differences in assay methods and laboratories, the HBGA GMTs achieved with the various formulations without MPL are of the same order of magnitude so may indicate that protection will be afforded. This will only be confirmed by larger full-scale efficacy trials of the selected candidate. Although generally self-limiting in healthy adults, norovirus illness can be serious and cause complications and even death in older adults and those with chronic medical conditions [3, 4] . It is encouraging to note that the younger and older age cohorts in this study displayed similar immune responses to the different formulations, although further studies will be required in elderly cohorts who will also present the opposing complications of immunosenescence and immune memory of related strains. The current study allows development to focus on one candidate formulation in adults containing 15 μg GI.1 VLP and 50 μg GII.4c VLP and 500 μg Al(OH) 3 in such future studies in healthy adults.
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